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Introduction
Although treatment strategies have continuously evolved over the past several years, the survival rates of patients with metastatic breast cancer (MBC) remain dismal, with a mean survival time ranging from only 2 to 3 years [1] . Metronomic chemotherapy (MCT) not only provides therapeutic effects, but also has a favorable toxicity profile and is economically feasibility. The low toxicity profile of MCT renders a better quality of life for patients, especially for those with recurrent disease [2, 3] , compared to standard chemotherapy regimens.
MCT refers to daily or frequent low dose administration of conventional chemotherapy drugs. It was first proposed by Hanahan et al. and has been constantly developing since [4, 5] . Identified as an anti-angiogenesis therapy, it was originally thought that MCT worked by targeting only endothelial cells [6] [7] [8] [9] . More recently, however, other mechanisms of action (e.g., inhibiting cancer stem cells and activating the immune system) have been found [10, 11] . Traditional chemotherapy, in which the maximum tolerated dose is used, often exerts serious, detrimental side-effects and frequently surrenders to therapeutic resistance. In contrast, MCT maintains favorable anti-cancer activity and requires the use of less costly chemotherapeutic agents [6, 12] . All of the aforementioned characteristics of MCT make it an ideal and efficacious therapy for use in MBC patients.
MCT research has been most commonly conducted on patients with breast cancer [13] . The first MCT study was conducted by Colleoni et al. in 2002 and it included 63 MBC patients treated with low-dose oral methotrexate and cyclophosphamide. Findings from this study showed an overall objective response rate (ORR) of 19%, an overall clinical benefit rate (CBR) of 32%, and a low incidence of grade 3/4 adverse events (AEs) [7] . Another MCT study showed weekly paclitaxel dosing resulted in a higher complete response (CR) rate compared to a standard 3-week schedule [14] . A series of single-arm, phase II clinical trials involving the various types of chemotherapeutic agents used in MCT have been conducted [15] . However, the results of these research studies have been conflicting. Additionally, some patients in these studies had been given anti-angiogenic drugs, hormonal therapies, and/or anti-inflammatory agents in addition to MCT [16] [17] [18] . This raises questions about whether these combinations are appropriate and if they result in an increased therapeutic efficacy and/or increased toxicity.
We conducted a meta-analysis to summarize the available evidence for the efficacy and AEs associated with use of MCT (used alone and also as part of a combination regimen) in patients with MBC.
Method

Search strategy
The following databases were searched for relevant studies: PubMed, EMBASE, Web of Knowledge, and the Cochrane database (updated to November, 21 2016). The key words or corresponding Mesh terms used to search the databases were: "breast tumor" or "breast tumors" or "breast cancer" or "breast cancers" or "breast neoplasms [Mesh] "and "metronomic" and "chemotherapy" or "chemotherapies" or "drug therapy [Mesh]". We also screened reference lists of recently published trials and reviews to avoid overlooking any relevant articles. All published papers were restricted to the English language. In cases where there was overlapping data (e.g., data derived from the same clinical trials and contained in two or more publications), the most complete and updated report was selected for inclusion in this metaanalysis.
Trial selection
Studies were screened independently by two authors (YYL and FFG). The inclusion criteria used to select studies included in this meta-analysis were: (1) phase II or III prospective clinical trials of MCT in patients with MBC, (2) average patient age greater than 18 years, (3) patients with normal hepatic, renal, and marrow functions, and (4) sufficient data provided about tumor response, progression-free survival (PFS), overall survival (OS) and adverse events (AEs). Clinical trials that combined MCT with other drug therapies were also included.
Data extraction
The two investigators (YYL and FFG) independently extracted pertinent data, including tumor response, 6-month PFS (PFS-6) rate, 12-month OS (OS-12) rate, 24-month OS (OS-24) rate, and grade 3/4 AEs. Divergences were resolved by censure. Tumor response was assessed using the Response Evaluation Criteria in Solid Tumors (RECIST) criteria [19] . CBR reflects the proportion of patients with complete response (CR), partial response (PR), or prolonged stable disease (pSD) !24 weeks; ORR reflects those with CR or PR. Engauge Digitizer version 4.1 was used to ascertain survival data by digitizing figures if the information was not provided directly. AEs were evaluated according to the National Cancer Institute Common Toxicity Criteria (NCICTC). The incidence of AEs extracted from an individual study consisted of the sum of the different severe AEs that were recorded. Other information that was independently recorded included: first author's name, year of publication, country, study design, registration number, age of subjects, MCT schedule, and number of assessable patients.
Data analysis
We followed the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) checklist and guidelines for conducting this meta-analysis (S1 PRISMA Checklist). Summary measures of the above mentioned indicators have been presented in the form of incidence with the corresponding 95% confidence interval (CI). These measures were either directly extracted from the articles or calculated. Heterogeneity was tested by calculating Cochrane's Q statistic and I 2 statistic. When P 0.10 or I 2 >50%, a random effects model was used to pool effect sizes of each study for heterogeneity. Otherwise, a fixed effects model was selected [20, 21] . Sensitivity analysis was conducted by step-wise removal of single trials. Subgroup diversity was analyzed by using Q statistic. Visual inspection of funnel plot with Egger and Begg tests were adopted to assess publication bias [22, 23] . Evidence quality for each endpoint was assessed by modified GRADE [24] . A two-tailed P-value of <0.05 was regarded as statistically significant. All the statistical analyses were performed using the Comprehensive Meta-Analysis program (Version 2, Biostat, Englewood, NJ, USA).
Results
Search results and study characteristics
The flow diagram of the study is shown in Fig 1. A search in four electronic databases: PubMed, EMBASE, Web of Knowledge, and the Cochrane database, yielded 223 articles. By reading the titles and abstracts, 183 papers were excluded. As shown in Fig 1, the two most common reasons for study exclusion were lack of relevance to subject matter (i.e., not pertaining to MBC or MCT) and a study design that was not a clinical trial. Among the remaining 40 publications, 20 were excluded upon reading the full text. Reasons for exclusion were: 2 studies did not pertain solely to MCT; data of interest was not reported in 4 studies; the total data of 2 trials had been presented in 4 papers [25] [26] [27] [28] (so all of the articles were included with trial number adjusted only); 9 papers presented overlapping data with other studies included in the meta-analysis; and 3 trials presented data from MCT combined with immunotherapy (the results of which could not be explained by the two newly-emerging anti-cancer methods [29] [30] [31] ). Lastly, two additional studies that met the inclusion criteria were identified from the reference of articles [32, 33] .
Finally, 22 trials (24 publications), consisting of 4 randomized clinical trials and 18 single-arm clinical trials, with 1360 patients, were entered into our meta-analysis (Table 1) . There were 12 trials in which MCT was used alone, 8 trials in which MCT was used in combination with other therapies (e.g., conventional anti-angiogenic drugs, hormonal therapies, or anti-inflammatory agents), and 2 trials in which patients were divided into two groups (one received MCT alone and the other group received MCT combined with other therapies). In summary, a total of 818 patients received MCT, 383 patients received MCT combined with other therapies, and 159 patients could not be grouped (see detailed MCT schedules and registration numbers in S1 Table) . It should be noted that data about tumor response from 5 studies were omitted due to the lack of adherence to the RECIST criteria [3, 7, 25, 28, 34] , so were AEs data for lacking adherence to the NCICTC guidelines [18, 28, [35] [36] [37] [38] [39] . The 2 trials in which patients were divided into two separate groups (MCT vs. MCT in combination with other therapy) did not present data separately for each individual group and therefore data from those studies were excluded from the subgroup analysis [25, 28] . Tumor response rate ORR data was extracted from 17 trials for this meta-analysis. The pooled ORR was 34.1% (95% CI 27.4-41.5) by using the random effects model (heterogeneity analysis: Q = 67.5, P<0.001, I 2 = 76.3, Fig 2A) . A subgroup analysis based on whether MCT was used alone or combined with other drug therapies. As shown in Table 2 , there was no statistically significant difference in the ORR between MCT used alone and the combination schemes (33.5% vs. 34.2%, respectively, P = 0.925).
The CBR was calculated using data from 12 clinical trials. The overall CBR was 55.6% (95% CI 49.2-61.9) as calculated by the random effects model (heterogeneity analysis: Q = 23.6, P = 0.014, I 2 = 53.4, Fig 2B) . Sensitivity analysis showed that most of the heterogeneity was derived from a trial conducted by Wong et al.
[45] (heterogeneity analysis for the rest of the trials: Q = 9.1, P = 0.521, I
2 <0.001). There was no statistically significant difference in CBR of MCT used alone and in combination schemes (55.0% vs. 57.0%, respectively, P = 0.807); there was no statistically significant difference even when data from one controversial clinical trial was excluded from the analysis (MCT used alone vs. combined treatment: 55.0% vs. 63.6%, respectively, P = 0.075).
Survival rate
Data for PFS-6 rate were available for analysis from 13 clinical trials. The overall PFS-6 rate was 56.8% (95% CI 48.3-64.9) as determined by the random effects model (heterogeneity analysis: Q = 54.1, P<0.001, I 2 = 77.8, Fig 2C) . There was no statistically significant difference in the PFS-6 rate between MCT alone and the combination schemes (61.6% vs. 54.0%, P = 0.513). Data for calculation of the OS-12 rate were obtained from 14 trials. The pooled OS-12 rate was 70.3% (95% CI 62.6-76.9) with the random effects model (heterogeneity analysis: Q = 53.7, P<0.001, I 2 = 75.8, Fig 3A) . A statistically significant difference was not detected in the OS-12 rate between MCT alone and the combination schemes (71.3% vs. 65.2%, respectively, P = 0.620). Data from 13 clinical trials showed the overall OS-24 rate was 40.0% (95% CI 30.6-50.2) by using the random effects model (heterogeneity analysis: Q = 74.4, P<0.001, I 2 = 83.9, Fig 3B) .
There was no statistically significant difference in the OS-24 rate between MCT alone and the combination schemes (38.1% vs. 38.8%, respectively, P = 0.963). 
Grade 3/4 AEs rate
Subgroup analysis based on different chemotherapies
A subgroup analysis was performed among cyclophosphamide + methotrexate (CM), capecitabine, and other drug based regimens, but no statistically significant difference was found (Table 3) . 
Sensitivity analysis
Sensitivity analysis did not demonstrate that overall effect sizes had been significantly altered by any clinical trial (S1 Fig), while there are two trials obviously contributing heterogeneity as mentioned above.
Publication bias and quality assessment
There was no evidence of publication bias for the overall tumor response rate, survival rate, and grade 3/4 AEs rate (Table 4 and S2 Fig) . Evidence quality for each clinical endpoint in this meta-analysis was graded to very low by using the modified GRADE (S2 Table) .
Discussion
For over a decade, metronomic chemotherapy (MCT) has played a role in the anti-cancer arena. The findings from this meta-analysis of 22 clinical trials showed that the overall ORR, CBR, and PFS-6 rate for MBC patients treated with MCT were 34.1% (95% CI 27.4-41.5), 55.6% (95% CI 49.2-61.9), and 56.8% (95% CI 48.3-64.9), respectively. These rates were higher than those reported in another systematic review, in which the median ORR, CBR, and PFS were 26.0%, 46.5% and 4.6 months, respectively, summarized from various cancers [13] . The pooled grade 3/4 AEs rate of 29.5% (95% CI 21.1-39.5) seemed to be a little high; this may be attributed to our taking into account the different kinds of observed AEs. Similar to the findings of our study, results from a recently published meta-analysis also show a better toxicity profile with the use of a lower dosage of capecitabine [47] . Most of the of MBC patients in this study were either pretreated or had chemotherapy resistance; these findings plus the OS data are optimistic and are further supported by the results of a recent, randomized, phase II study (NCT0141771) aimed to prove that MCT was effective and less toxic in comparison to standard chemotherapy [48] . Subsequently, we compared the outcomes between patients treated with MCT alone to those who were treated with MCT and another anti-angiogenic, anti-hormonal, or antiinflammatory agent. Much to our surprise, there was no statistically significant difference observed in any of the endpoints. This observation is consistent with the findings from a randomized controlled trial (RCT) brought into our meta-analysis, in which MBC patients accepted metronomic, low-dose oral cyclophosphamide and methotrexate plus or minus thalidomide [25] . It is unclear why the combination schemes worked well in preclinical studies but not in clinical studies. Outwardly, MCT combined with targeted therapy showed better clinical value, but the statistical significance is indefinite, as single-arm trials lack [17] . It is also worth noting the results of a study by Montagna et al. in which erlotinib was added to the regimen of patients who were potentially overexpressing epidermal growth factor receptor (EGFR), showing better therapeutic effects, ORR 62% (95% CI 41-81) and CBR 75% (95% CI 53-90) [46] . In addition, the future direction of MCT can be guided by the development process of a combination approach of hormonotherapy and standard chemotherapy, which has progressively become an accepted therapy following the implementation of new drugs and discovery of multiple blocking mechanisms [51, 52] . The sensitivity analysis showed that only one trial [45] was found to contribute to most of the heterogeneity for CBR. However, that study is methodologically sound with regard to its study design, execution, and evaluation, hence we found no compelling reason to exclude that trial.
Another trial [32] was found to impact the heterogeneity in the incidence of grade 3/4 AEs; we re-examined that study. Large doses of capecitabine (800 mg/m 2 twice daily) were administered as monotherapy to MBC patient; other studies rarely use such large doses for the MCT model. Also, in a similar RCT, a continuous capecitabine regimen with lower doses (650 mg/ m 2 twice daily) was well tolerated [33] . So there is a high risk of generating wrong result when including this research [32] . More importantly, after removing that study from this meta-analysis, we observed a trend showing a lower severe AEs rate in MCT given alone compared to MCT administered with other therapies (24.4% vs. 33.6%, respectively, P = 0.070). The small amount of heterogeneity (Q = 5.3, P = 0.379, I 2 = 5.9) in the combination schemes also supports that severe AEs existed in these situations. Findings from a later RCT showed that toxicities associated with the combination scheme were as severe as toxicities from standard chemotherapy [39] . In the included RCT comparing MCT alone and combination schemes, although no statistically significant difference was observed for grade 3/4 AEs, there was a higher incidence of mild AEs for the latter [25] . The quality of life for MBC patients is of major importance so one should cautiously balance the contradiction between therapeutic effects and AEs when designing future studies. Due to lack of consensus about drug selections and corresponding dosages, large RCTs are recommended. Munzone et al. summarized some ongoing clinical trials and the forthcoming results may be helpful [2, 15] . Meanwhile, according to the principles of precision medicine, prognosis factors such as vascular endothelial growth factor (VEGF), serum HER-2 and EGFR, endothelial nitric oxide synthase (eNOS), thrombospondin-1 (THBS-1), circulating endothelial cells (CECs), and gene polymorphism should be considered for patient selection to standardize MCT [18, 26, 28, 32, 43] .
This meta-analysis has several limitations. First, the significant heterogeneity is a big problem that we cannot bypass. Possible sources may include the differences in study methodologies, treatment history, histopathologic subtypes, and number of participants. We used a random effects model for all analysis in an attempt to minimize this bias. Second, in spite of the fact that we excluded studies with significant missing data, not every study included in this meta-analysis had complete data available. Third, we extracted most of survival data by digitalizing related figures which led to inevitable deviations. Fourth, individual patient data could not be acquired and only two subgroup analyses were performed. Finally, because most of included studies are single-arm trials, the evidence quality was graded to very low, which indicates the present results should be summarized cautiously.
In conclusion, we have comprehensively assessed the use of MCT in MBC treatment by involving 22 phase II or III clinical trials in this meta-analysis. MCT may be a promising therapeutic method for MBC patients, with a favorable tumor response, survival rate, and low toxicity profile. In addition, perhaps combinations of MCT with other conventional anti-cancer therapies did not necessarily improve clinical outcomes. The findings of this meta-analysis show a trend that MCT alone possibly imparts a lower severe AEs rate as compared to the MCT combination schemes. Well-designed RCTs are urgently needed to normalize treatment regimens and to confirm present conclusions.
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